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26 Metabolic rate, and the flexibility thereof, is a complex trait involving several inter-linked 
27 variables that can influence animal energetics, behavior, and ultimately fitness. Metabolic 
28 traits respond readily to ambient temperature variation, in some cases increasing relative or 
29 absolute energetic costs, while in other cases, depending on the organism’s metabolic and 
30 behavioral responses to changing conditions, resulting in substantial energy savings. To gain 
31 insight into the rapid recent emergence of the indigenous South African longhorn beetle 
32 Cacosceles newmannii as a crop pest in sugarcane, a better understanding of its metabolic 
33 rate, feeding response, digestion times, and aerobic scope is required, in conjunction with 
34 behavioral responses to food availability or any limitation thereof. Here, we therefore 
35 experimentally determined metabolic rate, estimated indirectly as CO2 production using flow-
36 through respirometry, in starved, fasted, and fed C. newmannii larvae, at 20°C and 30°C. We 
37 estimated multiple parameters of metabolic rate (starved, standard, active, and maximum 
38 metabolic rates) as well as aerobic scope (AS), specific dynamic action (SDA), and the 
39 percentage time active during respirometry trials. Additionally, in individuals that showed 
40 cyclic or discontinuous gas exchange patterns, we compared rate, volume, and duration of 
41 cycles, and how these were influenced by variation in temperature. Standard and active 
42 metabolic rate, and AS and SDA were significantly higher in the larvae measured at 30°C 
43 than those measured at 20°C. By contrast, starved and maximum metabolic rates and 
44 percentage time active were unaffected by temperature. At rest and after digestion was 
45 complete, 35% of larvae showed cyclic gas exchange at both temperatures; 5% and 15% 
46 showed continuous gas exchange at 20°C and 30°C respectively, and 10% and 0% showed 
47 discontinuous gas exchange at 20°C and 30°C respectively. We propose that the ability of C. 
48 newmannii larvae to survive extended periods of resource limitation, combined with a rapid 
49 ability to process food upon securing resources, even at cooler conditions that would 
50 normally suppress digestion in tropical insects, may have contributed to their ability to feed 
51 on diverse low energy resources typical of their host plants, and become pests of, and thrive 
52 on, a high energy host plant like sugarcane.
53 Keywords: invasion biology, range expansion, metabolic flexibility, rate-temperature 
54 relationships, population dynamics, pest management
3
56 1. Introduction 
57 Energy is a critical driver of animal life-history traits, like for example, growth and 
58 reproduction, with direct implications for population dynamics (Desforges et al., 2019). 
59 Insects, like all living organisms, actively acquire resources from their surrounding 
60 environments to meet their energetic requirements (Chown and Nicolson, 2004). Energy 
61 availability can set upper limits on population sizes, rates of proliferation or extinction and, 
62 ultimately, species richness of an area. Thus, areas with low energy availability result in 
63 smaller population sizes and greater extinction rates compared to areas with higher available 
64 energy (Carrara and Vazquez, 2010). This is known as ‘species-energy theory’ (Wright, 
65 1983). The availability of energy is however not the only aspect that influences population 
66 dynamics. Indeed, the efficiency of resource acquisition, allocation, and utilization also plays 
67 an important role. The efficiency of energy use can be influenced by food quality, maturity or 
68 body size and transitions between hypo- or hyper-metabolic states such as quiescence, 
69 diapause, aestivation or reproductive dormancy (Storey, 2004) and by multiple environmental 
70 factors (e.g. photoperiod and temperature). 
71 Measuring the efficiency of energy use is therefore of central importance for understanding 
72 species-energy theory, and studies of energy metabolism (specifically metabolic rates) 
73 provide insights into the cost of living in a particular environment and the costs of performing 
74 specific activities (e.g. locomotion, mating, growth) (Chown and Nicholson, 2004). One 
75 common approach to tackle questions about energy is to measure metabolic costs associated 
76 with different life-functions through respiratory metabolism, or metabolic rate. Metabolic rate 
77 is a complex trait with many parameters that can be readily extracted and compared for their 
78 functional relevance to animal biology. Among the most commonly investigated are aerobic 
79 scope (AS), which is the difference between standard metabolic rate (SMR) and maximum 
80 metabolic rate (MMR) (Wegener, 1996). Aerobic scope gives a measure of the potential 
81 scope for metabolic flexibility, and at least in fish, is thought to give an indication in the 
82 scope for growth, physiological regulation, fighting disease and coping with other stresses 
83 (Claireaux and Lefrancois, 2007; Clark et al., 2011; Pörtner et al., 2012; Steell et al., 2019). 
84 Aerobic scope is therefore viewed as a metric of an organisms’ ability to cope with 
85 environmental demands (Claireaux and Lefrancois, 2007). Standard metabolic rate (SMR) is 
86 defined as the minimal maintenance metabolic rate of a post-absorptive resting ectotherm, 
87 below which physiological function is impaired, measured at a given temperature (Norin and 
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88 Malte, 2011). Within a particular species, variability in SMR can exist as a consequence of 
89 changing temperatures. Typically, insect’s SMR are highly sensitive to acute warming, and 
90 cooling, with on average a doubling of SMR with a 10°C increase in ambient temperature, 
91 although there is much that can still be learned about the longer-term or evolutionary 
92 responses thereof (Irlich et al., 2009; reviewed in Chown and Nicolson, 2004). 
93 An important metabolic parameter is the transient rise in metabolic rate following the 
94 ingestion of a meal (Karasov and Martinez del Rio, 2007; McCue, 2006; McCue, 2012).This 
95 process has been coined ‘specific dynamic action’ (SDA), or the ‘heat increment of feeding’ 
96 (HIF) (Nespolo et al., 2005), and has been observed in hundreds of animal species to date, 
97 including insects (Secor, 2009). This digestion-associated increase in metabolic rate 
98 following feeding reflects numerous processes involved in the breakdown, absorption and 
99 processing of food in the animal’s gut (Karasov and Martinez del Rio, 2007). The SDA is a 
100 direct measure of energy acquisition efficiency and can represent a large component of an 
101 animal’s energy budget (Steell et al., 2019). The SDA can be especially demanding under 
102 certain environmental conditions (McCue et al., 2016a; Rosendale et al., 2019). Several 
103 studies have reported a higher, but shorter, metabolic increase after ingestion at elevated 
104 temperatures, but the total energy allocated to SDA is usually considered as being 
105 independent of temperature (McCue et al., 2016a; Secor and Faulkner, 2002;Wang et al., 
106 2003). In some cases, expressed as the cumulative costs, SDA declines as temperature rises 
107 (e.g. blood-feeding tsetse, McCue et al., 2016a; locusts, Miller et al., 2009) suggesting 
108 considerable energy saving can be affected by feeding and/or digesting at warmer 
109 temperatures. While feeding status, like temperature effects, is widely appreciated to increase 
110 SMR in insects (reviewed in Chown and Nicolson, 2004), only a handful of studies have 
111 tackled this question with sufficiently high temporal resolution to quantify the total or relative 
112 cumulative costs (see e.g. Table 1 in McCue et al., 2016a). Thus, whether SDA costs remain 
113 constant, or consistently change in any particular direction with temperature variation, is 
114 unclear for many taxa, including the important functional group of herbivorous insects. 
115 Another important aspect of insect metabolism is the gas exchange pattern employed. At rest, 
116 the tracheated arthropods, including insects, exhibit at least three main types of gas exchange 
117 patterns namely, discontinuous, cyclic and continuous gas exchange (Chown and Nicolson, 
118 2004; Matthews and Terblanche 2015). Gas exchange patterns vary between species, but also 
119 within a single species, depending on its physiological state, developmental stage, or 
120 environmental conditions, among other factors (Contreras and Bradley, 2010; Terblanche and 
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121 Woods, 2018, Javal et al., 2019). For insects that show discontinuous and/or cyclic gas 
122 exchange, a number of studies have investigated the acute effects of temperature (e.g. 
123 Terblanche et al., 2010). In some cases, the gas exchange patterns switch from being 
124 predominantly discontinuous to cyclic and/or continuous, or from cyclic to continuous, as 
125 temperatures increase (e.g. Contreras and Bradley, 2010; Thienel et al., 2015). Similarly, 
126 insects that exchange gases discontinuously switch to continuous gas exchange when food 
127 and water is provided (Duncan et al., 2002) although this may be driven to some extent by 
128 changes in feeding status and/or behavior. Nevertheless, the functional significance of 
129 different respiratory patterns employed by insects remain controversial and of broader 
130 evolutionary interest (Contreras and Bradley, 2010; Terblanche and Woods, 2018). 
131 Food is a critical source of nutrients, but food shortages are commonly encountered, 
132 potentially leading to starvation stress (Zang et al., 2019). The duration of the food shortage 
133 determines the physiological mechanisms involved. Fasting is when an animal maintains 
134 physiological homeostasis while relying solely on endogenous nutrient reserves, and mainly 
135 occurs after short periods of food deprivation (Secor and Carey, 2016). Starvation, on the 
136 other hand, is when body mass is lost owing to depletion of these endogenous reserves after a 
137 longer period of food deprivation (McCue et al., 2017). Knowledge of physiological 
138 mechanisms to stressors such as starvation and temperature can help to reveal adaptive 
139 strategies and predict the ability of insect pests to thrive in novel environments. Insects that 
140 employ these physiological adaptations can increase survival probability under abiotic stress 
141 (such as extremes of temperature and starvation). For example, they can maximise the 
142 amount of resources stored that are consumed during stress or they can utilize resources 
143 conservatively by reducing the rates at which they are consumed (Gibbs et al., 2003; Marron 
144 et al., 2003; Matzkin et al., 2009). The latter can be achieved by reductions in metabolic rate, 
145 partly driven by behavioural responses such as quiescence (Storey, 1998; Marron et al., 
146 2003). For example, heat induced suppressions of metabolic rate has been found in marine 
147 snails, which improves their energy conservation in high-temperature environments (Marshall 
148 and McQuaid, 2011).
149 Cacosceles newmannii (Thomson 1877) (Coleoptera: Cerambycidae) is a longhorn beetle that 
150 was found feeding on sugarcane for the first time in 2015 in the KwaZulu-Natal province of 
151 South Africa, where its larvae cause significant damage to sugarcane stalks (Way et al., 
152 2017). Records show that this species has historically been recorded in diverse locations 
153 within South Africa, as well as in Mozambique and Eswatini, and scant information is 
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154 available regarding its primary host plants (Ferreira, 1980; Smit et al., in review). 
155 Considering the potential of C. newmannii to spread and cause significant agricultural losses, 
156 having the ability to predict its metabolism and related traits under diverse conditions is 
157 critical. Here we focus on the larval life stage because, to our knowledge, C. newmannii 
158 adults do not feed (Way et al., 2017). There has been a long interest in the biology of 
159 nutrition, starvation and energy use in Cerambycidae larvae. The group is generally well 
160 known for having long-life cycles, consuming relatively low energy host plants or parts of 
161 plants, for example dead or decaying wood, a tissue especially poor in nitrogen and therefore 
162 a low source of amino acids and nutrients (Hanks, 1999; Mattson, 1980), and being generally 
163 resilient to environmental stress (Ivanovic et al., 2002; Munyiri and Ishikawa, 2005; 
164 Walczynska, 2007, 2009). However, few studies to date have employed high resolution flow-
165 through respirometry under estimated diverse feeding states at controlled temperatures to 
166 quantify key digestion-related metrics (such as SDA). Furthermore, while adults have had 
167 their gas exchange patterns and associated metabolic characteristics assessed (e.g. Chappell 
168 and Rogowitz, 2000), larvae have, to our knowledge, not received similar attention. Our 
169 earlier work on C. newmannii showed switching between discontinuous and continuous gas 
170 exchange patterns in adults and larvae under experimentally manipulated oxygen levels 
171 (Javal et al., 2019), but gas exchange characteristics have not yet been thoroughly explored 
172 and reported. We hypothesized that C. newmannii has physiological characteristics of 
173 respiratory metabolism that might explain its abrupt occurrence as a pest in sugarcane. For 
174 example, larvae could potentially face resource limitations and starving if between host 
175 plants, or if fields are harvested, or when they move to the soil before pupating. 
176 The main aim of this study was to gain a better understanding of the rapid, unexpected 
177 emergence of C. newmannii as a pest in sugarcane. The specific objectives for this study were 
178 therefore to determine: (i) what the relative ability of C. newmannii larvae is to survive under 
179 conditions of starvation and desiccation, (ii) what the effects of controlled, ecologically-
180 relevant temperature variation on diverse metabolic parameters are, including starved 
181 metabolic rates, standard metabolic rates (SMR), active metabolic rates (AMR), maximum 
182 metabolic rates (MMR), aerobic scope (AS), and estimate specific dynamic action (SDA) 
183 and, percentage time active, (iii) the extent of possible metabolic suppression that could help 
184 C. newmannii larvae cope during resource-poor conditions by comparing starved metabolic 
185 rates to SMR at 20°C and 30°C, and finally, (iv) the responses of gas exchange patterns by 
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186 characterizing pattern, burst rate, volume and duration, and interburst rate, volume and 
187 duration, at these controlled temperatures.
188 2. Materials and methods
189 Animals
190 Small- and medium-sized (ranging from 0.091 to 4.64 g) Cacosceles newmannii larvae were 
191 collected by hand on sugarcane farms in the Entumeni area (28°55’S; 31°19’E) of KwaZulu-
192 Natal. Larvae were primarily found in the base of sugarcane stalks that had to be split open to 
193 collect the larvae inside. Larvae were taken to the laboratory at the South African Sugarcane 
194 Research Institute (SASRI) in KwaZulu-Natal, South Africa and kept in moist peat (to 
195 provide sufficient food and water) at 23 °C in a 16 L: 8 D regime. The larvae were then 
196 couriered overnight, individually placed in plastic 250 ml jars filled with peat, to the 
197 Department of Conservation Ecology and Entomology, Stellenbosch University, Western 
198 Cape Province, South Africa where the experiments described below took place. 
199 Experiment one: Survival assay
200 A survival assay was conducted on 51 larvae for 45 days by subjecting individuals to 
201 different treatments and monitoring their survival every day. The different treatments were a 
202 starvation (n=17), a desiccation (n=17), and a control (n=17) treatment. For all three 
203 treatments the larvae were removed from peat and placed in individual containers (200 ml). 
204 For the starvation treatment, the individual containers were placed in a bigger container with 
205 distilled water. Each individual container had moist cotton wool in (to provide water to 
206 larvae) and no food. For the desiccation treatment individual containers, without food and 
207 water, were placed in a bigger air-tight container half-filled with silica gel. Individual 
208 containers for the control treatment contained a 10-15cm piece of sugarcane and moist cotton 
209 wool for water and they were placed in a bigger container with distilled water. Temperature 
210 (°C) and relative humidity (%) were recorded for all 3 treatments using hygrochron iButtons 
211 (Maxim ibutton, Hygrochron Hi-Res (-20 °C to +85°C) Acc 0.5°C, USA) set to two-minute 
212 sampling frequencies. For the desiccation treatment, the average temperature recorded over 
213 45 days was 29.2°C and relative humidity was recorded as 17%. For the starvation treatment, 
214 the average temperature recorded over the 45 days was 29.7 °C and relative humidity was 
215 100%. The control treatment experienced an average temperature of 29.8 °C and relative 
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216 humidity of 102%. The experiment was terminated at 45 days owing to equipment 
217 constraints.
218 Experiment two: Respirometry of unfed larvae
219 Twenty-three new larvae were removed from the peat and kept individually in 250 ml jars 
220 containing only wet cotton wool, in a 16 L: 8 D regime, without food for between five and 
221 nine days. Preliminary experiments showed the cessation of excretion of faeces, indicating 
222 that larvae were no longer digesting food, a maximum of three days after they were removed 
223 from peat. Therefore, any period longer than three days was considered the transition from a 
224 ‘fasting’ state to ‘starvation’ state. Following the period without food, the larvae were 
225 weighed and randomly placed at either 20°C (n=10) or 30°C (n=13) and metabolic rate was 
226 measured using flow-through respirometry as detailed below. The temperatures were chosen 
227 because they are within the thermobiological range likely to be experienced in the field by the 
228 species (Javal et al., 2018; Kleynhans et al., 2018; SASRI, 2020). Additionally, profound 
229 differences in metabolic rates and gas exchange pattern might be expected across a 10°C 
230 range, given responses of other species reported to date (e.g. Basson and Terblanche, 2011; 
231 Chown et al., 2006), and as such can give insight into the thermal sensitivity of the traits 
232 considered here.
233 Experiment three: Respirometry of fed larvae
234 After a starvation period of between five to nine days (as described above), larvae were given 
235 the opportunity to feed on sugarcane, at room temperature, by placing them individually 
236 inside sugarcane stalks, approximately 15 cm in length, and checking them daily. When 
237 feeding damage could be visually observed on the sugarcane, larvae were weighed. Larvae 
238 were considered as fed as soon as they gained more than 2% of their initial body mass. For 
239 each larva, the percentage increase in body mass was calculated and used as an indication of 
240 meal size. They were then randomly placed at either 20°C (n=10) or 30°C (n=10) inside 
241 flow-through chambers and their metabolic rates were estimated as described in detail below. 
242 Metabolic rates were estimated continuously for >15 hours in order to fully characterize the 
243 metabolic response after a meal (Secor, 2009). 
244 Metabolic rates
245 Metabolic rates were estimated indirectly as carbon dioxide (CO2) production using flow-
246 through respirometry. For the respirometry of unfed and fed larvae (experiment two and 
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247 three), they were randomly placed at either 20 °C or 30 °C, maintained using a circulating, 
248 programmable refrigeration liquid bath (CC-410wl, Huber, Berching, Germany), inside flow-
249 through chambers (20 or 30 ml syringes depending on animal size). Individuals were given 
250 approximately ten minutes to settle in the chambers before starting the recording. Air, 
251 scrubbed of CO2 and water vapour, was flowed through each chamber containing an animal 
252 for a metabolic rate estimation following methods adapted from e.g. Boardman and 
253 Terblanche (2015). 
254 Briefly, metabolic rate was estimated by measuring the rates of carbon dioxide production 
255 (VCO2), in ppm, using a calibrated Li-Cor infrared CO2 analyzer with Li-Cor software (LI-
256 7000 Windows Software Version 2.0.0). Flowrate was regulated to 200 ml min-1 STPD by a 
257 calibrated flow control valve (model no. 840L-2-OV1-SV1-E-V1-S1, Sidetrak, Sierra 
258 International, USA).  During the measurement, activity was monitored using infrared scatter-
259 laser-diodes (Sable Systems AD-1 activity detector) connected to a desktop computer to 
260 record and quantify movement of the animals, sampled at one Hz. This ensured that sections 
261 of the recording showing increased CO2 production associated with activity could be readily 
262 detected (Fig. 1). A few individuals were recorded without an activity detector, depending on 
263 availability of the AD-1 activity detector equipment. Baseline recordings of about ten 
264 minutes were taken before and after each respirometry run to correct for potential analyzer 
265 drift. Mass was recorded before and after each respirometry recording using a calibrated 
266 electronic balance (to 0.1mg, Mettler Toledo MS104S/01, Switzerland). The mean mass for 
267 the respirometry recording was used in all further calculations. Respirometry files were 
268 converted from ppm to mL CO2 per hour and extracted using Expedata (version 1.9.10, Sable 
269 Systems), after correction for baseline drift, even though this was generally non-existent. The 
270 Li-Cor infrared CO2 analyzer simultaneously measured H2O concentrations but for the 
271 purpose of this study the H2O data was disregarded. Two identical respirometry systems were 
272 used in parallel (i.e. two separate Li-Cor infrared CO2 analyzers were used) in order to 
273 measure more than one individual at the same time. Since the survival assay (experiment one) 
274 had the potential to cause stress and extensive use of energy reserves for the larvae, the larvae 
275 used for this experiment were not used for any other measurements. However, eight larvae 
276 used for respirometry of unfed larvae (experiment two) were also used for respirometry of fed 
277 larvae (experiment three). In addition, 15 larvae were only used for respirometry of unfed 
278 larvae (experiment two) and 12 larvae only for respirometry of fed larvae (experiment three). 
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280 Fig. 1. An example of a metabolic rate (respirometry) recording in a typical experiment, 
281 estimated from CO2 production, of a C. newmannii larva illustrating how increased CO2 
282 production associated with activity were identified. Activity is shown in a. u. Larva mass= 
283 2.7694 g, flow rate= 200 ml min-1, temperature= 30°C.
284 - Starved metabolic rates
285 The respirometry recordings of larvae that were starved for between five and nine days were 
286 used to determine starved metabolic rates. The activity data in these recordings were used to 
287 identify metabolic traces representative of non-active, stable metabolic rates of larvae. In 
288 some cases, we recorded individuals without an activity detector owing to equipment 
289 constraints. Therefore, we used those individuals with both activity and VCO2 recordings to 
290 estimate typical metabolic rate variability and assumed similarly in individuals when only 
291 VCO2 was recorded. The starved metabolic rates were then calculated from the lowest 
292 average of continuous CO2 production recorded for 40 minutes of metabolic traces where 
293 larvae are inactive at 20°C (n=10) or 30°C (n=13). A period of 40 minutes was chosen for 
294 calculations of starved, standard, active and maximum metabolic rates because this amount of 
295 time was sufficient to include at least one cycle in their respiratory pattern. Starved metabolic 
296 rate thus represents the metabolic rate of larvae that are inactive and under starvation stress.
297 - Standard metabolic rates (SMR):
298 The respirometry recordings of larvae that fed on sugarcane and gained more than 2% of their 
299 body mass were used to determine SMR, AMR, MMR, AS, SDA, and proportion spent 
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300 active. Activity data was used to identify metabolic traces representative of stable, resting 
301 metabolic rate of inactive individuals that are no longer digesting. Similar traces were then 
302 selected for individuals that activity was not recorded for. Standard metabolic rate (SMR) 
303 was calculated from the lowest average of continuous CO2 production recorded for 40 
304 minutes of respirometry traces where larvae are inactive at 20 °C (n=10) or 30 °C (n=10) 
305 (Fig. 2). SMR thus represents the metabolic rate of larvae that are inactive and post 
306 absorptive but not yet likely to be starving.
307 - Active metabolic rates (AMR)  
308 Activity traces were used to identify periods of increased CO2 production associated with 
309 activity, representative of active metabolic rates. Recordings of individuals that activity was 
310 not recorded for or individuals that were inactive the whole time they were in a 
311 postabsorptive state, were not used. Active metabolic rates (AMR) were calculated from the 
312 highest average of continuous CO2 production recorded for 40 minutes of selected traces of 
313 larvae 20°C (n=4) or 30°C (n=3) (Fig. 2). AMR thus represents the metabolic rate of larvae 
314 that are active and post absorptive but not yet likely to be starving.
315 - Maximum metabolic rates (MMR)  
316 Within the first few hours of the recordings of larvae that fed, we could not disentangle 
317 activity and digestion related increases in metabolic rate. We therefore calculated MMR from 
318 the highest average of continuous CO2 production recorded for 40 minutes within the first 
319 few hours of recordings of larvae at 20°C (n=10) or 30°C (n=10)  (Fig. 2). MMR thus 
320 represents the metabolic rate of larvae that are active and digesting.
321 - Aerobic scope (AS)
322 Aerobic scope was calculated as the difference between MMR (mlCO2/h/g) and SMR 
323 (mlCO2/h/g) of larvae at 20°C (n=10) or 30°C (n=10) (Fig. 2). Therefore, this can be 
324 considered the absolute aerobic scope (Halsey et al., 2018).
325 - Specific dynamic action (SDA)
326 SDA was calculated by first plotting moving average of 600 seconds of VCO2 data against 
327 time (hours) and adding a threshold line representing a baseline metabolic rate (Fig. 2). 
328 Thereafter SDA (mlCO2/g) was calculated from the extra VCO2 above the baseline metabolic 
329 rate over the duration of digestion. SDA was therefore estimated as the CO2 volume produced 
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330 during digestion subtracted from the baseline metabolic rate cost. The baseline metabolic rate 
331 was calculated from the lowest average of continuous CO2 production recorded for 240 
332 minutes of metabolic traces where larvae are inactive at 20°C (n=10) or 30°C (n=10). 
333 Digestion was considered to be complete when the respirometry trace reached a point on the 
334 graph below this threshold (Fig. 2). Many larvae breathed cyclically (showed a pattern of 
335 spikes and dips in their metabolic traces) and moving average data was used in order to better 
336 identify patterns in the data. 
337
338 Fig. 2. An example trace (of moving average data of 600 seconds, sample frequency 1Hz) 
339 showing how SDA (specific dynamic action) was determined. Metabolic rate (in mlCO2/h/g) 
340 is shown plotted against time (hours) for an individual larva that ate sugarcane (meal size: 4 
341 % of body mass, initial mass: 1.0697 g) showing standard metabolic rate  calculated as the 
342 average of the lowest continuous 40 minutes when larvae are post absorptive, maximum 
343 metabolic rate, active metabolic rate and specific dynamic action (SDA). The red arrow 
344 shows the time at which the respirometry trace reached a point on the graph equal or below 
345 the black line representing a baseline metabolic rate (calculated as the average of the lowest 
346 continuous 240 minutes when larvae are post absorptive), thus representing the end of SDA 
347 (specific dynamic action). Aerobic scope (calculated as difference between maximum 
348 metabolic rate and standard metabolic rate) is also illustrated on the graph.
349 - Percentage time active (%)
350 For the larvae that fed and also had their activity measured (n=12) we determined the amount 
351 of time (in seconds) the larvae spent active within the first 14 hours (50 400 seconds) of the 
13
352 recordings in order to calculate the percentage activity time of each individual larva at 20°C 
353 (n=5) or 30°C (n=7).  
354 - Gas exchange characteristics 
355 Using inactive periods of postabsorptive larvae, we determined the gas exchange pattern type 
356 (continuous, cyclic or discontinuous) first by inspection, and then according to the method 
357 proposed by Marais et al. (2005): from the raw respirometry trace (mlCO2/h), the gas 
358 exchange pattern was named cyclic or discontinuous gas exchange when less than 30% of 
359 data points lay above the average VCO2 line, then discontinuous gas exchange is readily 
360 identified due to the presence of a true closed (C) phase (i.e. the VCO2 trace goes down to 
361 zero) (Fig. 3). When more than 30% of data points are above the average line, the gas 
362 exchange pattern labelled was continuous gas exchange. We calculated the mean VCO2 from 
363 the average of the maximum number of continuous cycles (ranging from 3 to 34 cycles) at 
364 rest in individual recordings. For individuals that showed cyclic gas exchange we calculated 
365 burst rate (mlCO2/h), burst volume (mlCO2), burst duration (s), interburst rate (mlCO2/h), 
366 interburst volume (mlCO2), and interburst duration (s). The interburst period was 
367 characterized as the period between the lowest value at the end of a burst and the 
368 corresponding value preceding the following burst. Burst periods were those periods between 
369 interburst periods (Chown et al., 2006) (Fig. 3). For individuals that showed discontinuous 
370 gas exchange we calculated rate (mlCO2/h), volume (mlCO2), and duration (s) for the open 
371 (O-) phase and rate (mlCO2/h), volume (mlCO2), and duration (s) for the closed-flutter (CF-) 
372 phase. The closed and flutter phases were combined since it was not possible to easily 
373 distinguish the transition between these two phases (Fig. 3). For each individual, three cycles 
374 were used to calculate the respective rates (mlCO2/h),  volumes (mlCO2) and durations (s) at 
375 20°C (n=7) or 30°C (n=7) and the means of these values formed the individual data that were 
376 used for subsequent statistical analyses. 
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378 Fig. 3. An example of a metabolic rate (flow-through respirometry) recording in a typical 
379 experiment, estimated from CO2 production, of C. newmannii larvae measured at 20°C 
380 illustrating the difference between (A) discontinuous gas exchange characterized by closed- , 
381 flutter- and open-phase and (B) cyclic gas exchange divided into burst and interburst periods. 
382 Mass of animal in A: 1.0309g, and B: 3.3881g, flow rate=200 ml min-1, sampling rate=1Hz.
383 Statistical analysis
384 Key assumptions for statistical tests were checked and not violated in the results presented. 
385 Statistica 13 (TIBCO Software, United States) software was used to perform all statistical 
386 tests except the survival analysis, which was done using R studio (R version 4.0.0, R core 
387 team, 2018). Differences were accepted as statistically significant at a 5% probability level. 
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388 Experiment one: Survival assay
389 To determine if there was a difference in the survival of larvae between different treatments 
390 (desiccation, starvation, and control), we did a survival analysis comparing multiple groups. 
391 We used a Cox Proportional Hazards Regression analysis to determine if there is a significant 
392 difference in the mortality of larvae in the different treatment groups over the 45 days they 
393 were monitored. 
394 Experiment two: Respirometry of unfed larvae
395 Body mass (in g) between starved larvae measured at 20 °C and 30 °C was compared using a 
396 t-test for independent samples. To determine if we should correct for mass, we compared the 
397 slope of the relationship between body mass and starved metabolic rate (mlCO2/h) to a slope 
398 value of 1 using a one sample t-test. A t-test for independent samples was used to compare 
399 mass-adjusted starved metabolic rates (mlCO2/h/g) between 20°C and 30°C degrees. To 
400 determine if there is an association between the starved metabolic rate (mlCO2/h/g) and the 
401 amount of days the larvae were starved, a correlation was done between log transformed 
402 starved metabolic rates and days starved. 
403 Experiment three: Respirometry of fed larvae
404 Body mass (in g) between fed larvae measured at 20°C and 30°C was compared using a t-test 
405 for independent samples. In order to determine if there was a linear relationship between the 
406 body mass (g) and SMR (mlCO2/h) of larvae we compared the slope of the relationship 
407 between log transformed data of body mass (g) and SMR (mlCO2/h) to a slope value of 1 
408 using a one sample t-test. Similarly, to determine if there was a linear relationship between 
409 the body mass (g) and AMR (mlCO2/h) of larvae we compared the slope of the relationship 
410 between the two variables (log transformed) to a slope value of 1 using a one sample t-test. 
411 The same was done for MMR (mlCO2/h). Subsequently, the mass adjusted SMR and MMR 
412 (mlCO2/h/g) of larvae measured at 20°C and 30°C were compared using a nonparametric 
413 Mann-Whitney test. The mass adjusted AMR (mlCO2/h/g) was compared using a t-test for 
414 independent samples. AS (mlCO2/h/g), SDA (mlCO2/g), and proportion spent active (%), 
415 between larvae measured at 20°C and 30°C, was also compared using a nonparametric Mann-
416 Whitney test.
417 For the larvae that was used for both respirometry of unfed and fed (experiment two and 
418 three), we managed to measure the starved metabolic rate and SMR of the same individual. 
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419 For these individuals, their starved and standard metabolic rates (mlCO2/h/g) were compared 
420 at 20°C (n=4) and 30°C (n=4) using a Wilcoxon matched pairs test. To determine if there is 
421 an association between MMR (mlCO2/h/g) and meal size (% initial body mass), a standard 
422 Pearson correlation was performed between log transformed MMR (mlCO2/h/g) and meal 
423 size (% initial body mass). To determine if there is an association between SDA (mlCO2/g) 
424 and meal size (% initial body mass), a Pearson correlation was undertaken between log 
425 transformed SDA (mlCO2/g) and meal size (% initial body mass). For the larvae that showed 
426 cyclic gas exchange, the burst rate (mlCO2/h), volume (ml CO2), and duration (s) as well as 
427 the interburst rate (mlCO2/h), volume (mlCO2), and duration (s) at 20°C and 30°C was all 
428 separately compared using a t-test for independent samples.
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430 3. Results
431 Experiment one: Survival assay
432 The results of the survival analysis showed no significant difference in the survival of the 
433 larvae from the three treatment groups (χ²=1.44, df=2, p=0.5) (Fig. 4). Furthermore, the 
434 survival assay revealed that larvae are tolerant of resource limitations since, even after 45 
435 days, more than 70% of the larvae were still alive regardless of the treatment conditions.
436
437 Fig. 4. Survival plot showing proportion survival (with 95% confidence intervals shown in 
438 grey) of C. newmannii larvae under desiccation, starvation and control treatments for 45 days.
439 Experiment two and three: 
440 - Temperature effects on starved metabolic rates
441 We analysed the data of the starved metabolic rates of n=10 larvae measured at 20°C and 
442 n=13 larvae measured at 30°C (Supplementary material: Table S1). The average mass (g) of 
443 larvae (calculated as the average of mass before and after a respirometry recording) measured 
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444 at 20°C did not significantly differ from the average body mass (g) of larvae measured at 
445 30°C (Table 1). There was no significant difference between the slope of body mass (g) and 
446 starved metabolic rates (mlCO2/h) of larvae compared to a line of equivalence, i.e. 1.0 
447 (t21=0.344, p=0.367). These results suggested that there is a linear relationship between the 
448 body mass and starved metabolic rates of larvae. We therefore decided to do further analyses 
449 with mass-adjusted starved metabolic rate (mlCO2/h/g) data. The results showed that starved 
450 metabolic rate (mlCO2/h/g) of larvae measured at 20°C and 30°C did not differ significantly 
451 (Table 1). There was no correlation between starved metabolic rates (mlCO2/h/g) and 
452 duration of starvation at 20°C (r=0.300, p=0.399) or at 30°C (r=0.350, p=0.241).
453 - Temperature effects on metabolic parameters and behaviour
454 The average mass (g) of larvae (calculated as the average of mass before and after 
455 respirometry recording) measured at 20°C was not significantly different compared to the 
456 average body mass (g) of larvae measured at 30°C (Table 1). There was no significant 
457 difference between the slope of the relationship of SMR (mlCO2/h), MMR(mlCO2/h) or 
458 AMR (mlCO2/h) and body mass (g) and a line of hypothetical equivalence, i.e. 1.0 
459 (t18=0.151, p=0.559; t18=-0.223, p=0.413; t5=-0.294, p=0.390 respectively) suggesting that 
460 there is a linear relationship between body mass (g) and SMR, MMR, and AMR of larvae. 
461 We therefore decided to do further comparisons using mass-adjusted data (Supplementary 
462 material: Fig. S1; Table S2). Results of comparisons between 20°C and 30°C of mass-
463 adjusted SMR, AMR, MMR, AS, SDA, and percentage time active are in Table 1. 
464 There was no correlation between MMR and meal size (% initial body mass) at 20°C 
465 (r=0.004, p=0.992) or at 30°C (r=0.064, p=0.860). There was also no correlation between 
466 SDA and meal size (% initial body mass) at 20°C (r=0.078, p=0.831) or at 30°C (r=0.216, 
467 p=0.549).
468 - Comparison between starved metabolic rates and SMR at 20°C and 30 °C
469 In eight individuals (n=4 at each temperature) we measured the starved metabolic rates and 
470 SMR of the same individual (Supplementary material: Table S3). For these paired samples 
471 considered in a separate analysis from the remaining individuals, there was no significant 
472 difference between the starved metabolic rates and SMR of larvae measured at 20°C 
473 (Z2=1.826, p=0.068) or at 30°C (Z2=1.461, p=0.144). 
474
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475 - Temperature effects on gas exchange characteristics
476 Out of the 20 larvae, 14 showed cyclic gas exchange (7 at 20°C and 7 at 30°C), four showed 
477 continuous gas exchange (1 at 20°C and 3 at 30°C) and two showed discontinuous gas 
478 exchange (both at 20°C) when at rest and post absorptive. 
479 Since only two larvae showed discontinuous gas exchange no further analyses were done 
480 with the rate, volume and duration for the open (O-) and closed-flutter (CF-) phases 
481 (Supplementary material: Table S4). In larvae that showed cyclic gas exchange 
482 (Supplementary material: Table S5), there was no significant difference in burst rate, volume 
483 or duration between 20°C and 30°C. There was also no difference in interburst rate or volume 
484 between 20°C and 30°C. There was however a difference in interburst duration between 20°C 
485 and 30°C, with a significantly longer duration at 20°C (Table 1).
486 Table 1 Mean and standard deviation (SD) of key morphology and respirometry variables 
487 and the respective test statistic, degrees of freedom and p-values of comparisons made 
488 between 20°C and 30°C. Significant results are shown in bold. N refers to sample sizes.
Temperature 20°C (mean ± 
SD)
30°C (mean ± 





Body mass (g) unfed 2.5422 ± 0.76 2.7199 ± 0.83 t21=-0.5299, p=0.2071 10 13
Starved metabolic rate (mlCO2/h/g) 0.0622 ± 0.02 0.0896 ± 0.07 Z21=-0.6512, p=0.5149 10 13
Body mass (g) fed 2.4486 ± 0.97 2.1406 ± 1.31 t18=0.5986, p=0.5569 10 10
Standard metabolic rate (mlCO2/h/g) 0.0374 ± 0.03 0.0749 ± 0.04 Z18=-2.5324, p=0.0113 10 10
Maximum metabolic rate (mlCO2/h/g) 0.2434 ± 0.16 0.5894 ± 0.32 Z18=-3.0615, p=0.0022 10 10
Active metabolic rate (mlCO2/h/g) 0.2774 ± 0.24 0.4252 ± 0.15 t5=0.9183, p=0.4006 4 3
Aerobic scope (mlCO2/h/g) 0.2060 ± 0.14 0.5145 ± 0.32 Z18=-2.9103, p=0.0036 10 10
Specific dynamic action (mlCO2/g) 0.5180 ± 0.32 1.8607 ± 1.75 Z18=-3.2127, p=0.0013 10 10
Activity time (%) 18.55 ± 2.63 25.55 ± 15.16 Z10=-0.3248, p=0.7453 5 7
Burst rate (mlCO2/h) 0.2586 ± 0.11 0.3006 ± 0.24 t12=-0.4239, p=0.6792 7 7
Burst volume (mlCO2) 0.0298 ± 0.01 0.0296 ± 0.03 t12=0.0123, p=0.9904 7 7
Burst duration (s) 425 ± 152 335 ± 147 t12=1.1283, p=0.2812 7 7
Interburst rate (mlCO2/h) 0.0369 ± 0.03 0.0651 ± 0.05 t12=-1.2508, p=0.2348 7 7
Interburst volume (mlCO2) 0.0078 ± 0.005 0.0086 ± 0.007 t12=-0.2300, p=0.8219 7 7
Interburst duration (s) 796 ± 341 449 ± 74 t12=2.6351, p=0.0218 7 7
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490 4. Discussion
491 We report here the results of respiratory gas exchange investigations of a diverse range of 
492 metabolic responses of a poorly studied Cerambycidae beetle larvae under laboratory 
493 conditions. Our study showed that C. newmannii larvae are tolerant to resource limitations 
494 compared to other insect larvae. For example, third instar larvae of Dendrolimus pini 
495 (Lepidoptera: Lasiocampidae), an economically important pest of Pinus spp. that has 
496 undergone a range expansion in Europe, survived a maximum of 28 days under starvation 
497 (Lukowski et al., 2020). There are however several examples of insect larvae that survive to a 
498 similar extent (>2 months) under starvation (see Rotkopf and Ovadia, 2014). The ability of C. 
499 newmannii to survive extended periods under stress and their relatively high aerobic scope at 
500 30°C could have aided in their ability to invade a novel environment. Additionally, the 
501 present of discontinuous gas exchange in C. newmannii perhaps indicates a physiological 
502 capacity for metabolic suppression since discontinuous gas exchange is associated with low 
503 metabolic rates (Javal et al., 2019; Matthews and Terblanche, 2015) although we did not find 
504 much evidence for a strong metabolic suppression starvation strategy. 
505 In insects and many invertebrate ectotherms, the most important short-term determinant of 
506 metabolic rate after accounting for body mass is ambient temperature (e.g. review in Chown 
507 and Nicolson, 2004; Hochachka and Somero, 2002; Nespolo et al., 2003). In this study, we 
508 found the classic Q10 effect of a significant, approximately two-fold, increase in SMR at 
509 30°C over 20°C. Other factors that are known to influence metabolism include activity and 
510 feeding status, yet few studies disentangle these effects fully across multiple environmental 
511 conditions (Halsey et al., 2015). While feeding effects are widely reported in metabolic 
512 studies of insects, typically the time-courses of these responses are not well characterised, 
513 and in only a few cases is this undertaken at different temperatures (Hill et al., 2020; McCue 
514 et al., 2016a, 2016b). In this study, the average SDA of larvae measured at 20°C was 
515 significantly lower compared to larvae measured at 30°C. There are a few possible 
516 interpretations of this result. First, it could indicate that greater SDA at a warmer temperature 
517 could reduce the allocation of limited energy to other energy budget components (Boggs, 
518 2009). Alternatively, it could reflect metabolic upregulation in the cold and suggest 
519 adaptations to facilitate quicker digestion and growth under cooler conditions (see discussion 
520 in Terblanche et al., 2010). We argue that an alternative interpretation could be that our 
521 results suggest that C. newmannii digest meals more efficiently – at least when expressed in 
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522 terms of energetic cost – at 20°C compared to 30°C. Further work is however required to 
523 disentangle the potential source(s) of this variation.
524 Accurately determining the cost of digestion (SDA) in C. newmannii was challenging for a 
525 number of reasons. Firstly, the larvae would not always readily feed in the laboratory unless 
526 they were living inside sugarcane stalks. However, since the larvae were embedded in the 
527 sugarcane, we could not determine the exact time at which an individual larva fed despite 
528 daily weighing. Therefore, we could not fully capture the precise start point, and hence, the 
529 entire time-course, of the postprandial metabolic response in this study. This is a challenge of 
530 determining SDA noted in other studies too (McCue et al., 2016b). Another constraint in 
531 calculating the cost of digestion (SDA) in C. newmannii was due to larvae remaining active 
532 during the digestion period. Another study showed that in active insects the increase in 
533 metabolism due to feeding was not apparent because it is smaller than the metabolic elevation 
534 due to activity (Nespolo et al., 2005). Therefore, it is possible that the effect of activity 
535 metabolism masked the effects of digestion costs on the metabolic rates in C. newmannii to 
536 some extent. These constraints can explain why our results showed that a larger meal size – 
537 across the range we measured – did not lead to a higher SDA (or MMR) at either 
538 temperature, contrary to many studies that have found an increase in meal size to be matched 
539 by a corresponding increase in SDA (reviewed in Secor, 2009). There are however other 
540 examples where the relative cost of SDA is apparently unrelated to meal size (e.g. in a 
541 Neotropical frog (Timpone et al., 2019)). Despite the higher cost of digestion (SDA) at 30°C, 
542 C. newmannii larvae also showed a higher aerobic scope (AS) at 30°C. Higher AS and SDA 
543 at higher ambient temperatures might also indicate a capacity to rapidly capitalize on scarce 
544 or energy poor resources by quickly digesting that food when its available. Furthermore, a 
545 higher AS has been argued to be a determinant of fitness-related parameters in invasive fish 
546 (Marras et al., 2015; Steell et al., 2019). 
547 We found no difference in metabolic rates of starved larvae between 20°C and 30°C. We did 
548 however find a significant difference in the metabolic rates of resting, post-absorptive larvae 
549 (i.e. SMR) between 20°C and 30°C, suggesting that, under starved conditions, the effect of 
550 temperature on metabolic rate is not as evident. Not all larvae were starved for the same 
551 amount of time (ranged between 5 and 9 days) but the results showed no association between 
552 starved metabolic rates and duration of the starvation period at 20°C or at 30°C. Therefore, a 
553 longer period of starvation did not lead to a lower metabolic rate as expected based on 
554 previous starvation studies. For example, the adult hematophagous bed bug (Cimex 
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555 lectularius) showed a decline in mass-specific metabolic rate with period of starvation 
556 (DeVries et al., 2015). While it can be argued that taking fuel use (carbohydrate, lipid or 
557 protein stores) into account during metabolic rate estimation in starvation studies is essential 
558 (Sinclair et al., 2011), these effects are unlikely to explain the lack of variation we see in C. 
559 newmannii.
560 Depressing metabolic costs under stress (such as starvation) would decrease the amount of 
561 endogenous fuels an organism uses during this period and thus increase its capability to 
562 survive (Secor and Carey, 2016). In this study we did not find significant metabolic 
563 depression under starvation. It is possible that the starvation period larvae were subjected to 
564 was not long enough to induce a metabolic rate response. Many Cerambycidae larvae, such as 
565 C. newmannii, have a long developmental time (>2 years) and often feed on dead or decaying 
566 wood (Ferreira, 1980) which is an energy poor substrate (Walczynska, 2007, 2009). Since 
567 this type of food is poor in nutrients, insects that feed on it show several specific adaptations 
568 (Walczynska, 2007). Therefore, it is possible that C. newmannii larvae are well-adapted to 
569 tolerate starvation. This is supported by the survival assays that showed that larvae did not 
570 seem to be greatly affected by starvation over the period we assessed them (45 days). 
571 However, the sample size used for the comparison of metabolic rates under starved and 
572 standard conditions was perhaps relatively small and therefore results should be interpreted 
573 with caution. Nevertheless, having a starved metabolic rate that is relatively temperature 
574 insensitive, coupled to the ability to rapidly upregulate metabolic rate upon resource 
575 provisioning, could be a substantial advantage for coping in resource poor, seasonal or 
576 fluctuating environments. 
577 Discontinuous gas exchange was observed in two larvae that were resting at 20°C. This 
578 supports the idea that discontinuous gas exchange can be expressed, albeit only during 
579 inactivity, possibly attributed to a transition from central to peripheral nervous system control 
580 of respiration (Thienel et al., 2015; Matthews and Terblanche, 2015). This emphasizes the 
581 importance of allowing adequate time, and accounting for behavior, when measuring insect 
582 gas exchange patterns. The only significant difference we detected in the gas exchange 
583 characteristics between 20°C and 30°C was in the interburst duration, which was significantly 
584 longer at 20°C. This suggests that the regulation of gas exchange is not regulated through 
585 differences in the burst periods in C. newmannii, but rather interburst periods, unlike many 
586 other beetles examined to date (e.g. Chown and Davis, 2003; but see also flies in Basson and 
587 Terblanche, 2011). 
23
588 As an organism expands its geographic range, it is likely to encounter one or several abiotic 
589 and biotic stressors. If it is able to adapt or rapidly overcome these stressors, it may continue 
590 range expansion unrestricted and invade diverse, novel environments. For example, 
591 starvation stress can occur when insects suffer from prolonged food shortages due to changes 
592 in food quality or availability, or due to seasonality or food depletion (Wu et al., 2016). A 
593 higher aerobic scope leads to an increased capability of an organism to support processes 
594 such as digestion, locomotion and growth, especially so in the case of intermittent and 
595 unpredictable availability of high-quality food (Halsey et al., 2018). This will, in turn, enable 
596 the organism to potentially escape or avoid predators, or more readily search for food, which 
597 increases overall fitness and an organism’s ability to overcome stressors in the new 
598 environment. Cacosceles newmannii may further be faced with stressors such as desiccation 
599 and/or starvation during a transition from one host plant to another and when sugarcane was 
600 ploughed out in an effort to stop the spread of C. newmannii. Furthermore, sugarcane grows 
601 rapidly and is harvested at maturity (6-9 months) and can thus be abundant or absent 
602 sporadically in the landscape. Cacosceles newmannii also feed on other host plants, for 
603 example, plants in the family Poaceae (Smit et al., in review) where water shortages could be 
604 a common occurrence. Clarifying the physiological mechanisms related to digestion, 
605 starvation, and metabolic traits could help in predicting which other host plants of C. 
606 newmannii could be viable hosts, or agricultural plants at risk of infestation, in the future. 
607 Consequently, we argue that our study contributes to understanding the species invasion of 
608 novel habitats for three primary reasons. First, it’s clear that C. newmannii is capable of 
609 rapidly changing its niche, as evidenced by the sudden emergency as an outbreak pest on 
610 sugarcane - an environment distinctly different in several fundamental ways from its likely 
611 native host environment. Second, since the native range of the species covers several climatic 
612 zones with large thermal variability, understanding the temperature dependence of the 
613 fundamental physiological traits studied here is important in predicting survival and growth 
614 in different climate regions. Third, adult dispersal and fitness depend on the conditions the 
615 larvae face. A well-fed and optimally growing larva will be more likely to turn into a large 
616 adult with energy to spare for dispersal and reproduction; adults are non-feeding, so the 
617 energy budget of the adult is determined by the quality of the larva.
618 To conclude, this study provides novel data for developing predictions about metabolic rates 
619 of C. newmannii under ecologically-relevant temperatures in the field. From a pest 
620 management perspective, this information can be used to start to estimate the potential of C. 
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621 newmannii to spread to other novel environments and indirectly inform population dynamic 
622 or risk models (e.g. Malishev et al., 2017) or in habitat or species management planning (e.g. 
623 Tomlinson, 2019). Future studies determining the metabolic cost of digestion (SDA) of C. 
624 newmannii feeding on the native host plants, thought to be species in the family Fabaceae 
625 (Smit et al., in review), before the switch to sugarcane could prove a valuable point of 
626 comparison to the results of this study. Overall, we argue here that metabolic flexibility – in 
627 the broadest sense - may be a key adaptation that facilitates invasion of novel environments 
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